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INTRODUCTION 
Laser generation of uhrasound and the subsequent detection of the ultrasonic waves 
using Iaser interferometry are areas of active research [1-6]. In earlier papers, the present 
authors have discussed an LBU system which employs a diffraction grating for illumination 
of a line-array to generate narrow-band surface waves and Lamb waves [4], and a fiberized 
heterodyne dual-probe Iaser interferometer to measure signals [3]. This paper reports 
progress towards the development of a robust low cost fiberized Sagnac Iaser interferometer 
suitable for field applications. Bowers first reported [7] the use of a Sagnac-type 
interferometer for surface acoustic wave detection, and the present authors have previously 
reported [8 QNDE 95] a variantofthat scheme. In this paper, we present an alternative lower 
noise system that uses low cost, long coherence He-Ne Iasers that have better intensity noise 
characteristics than typically used Iaser diodes. A scheme for elimination of a parasitic 
interference utilizing a frequency shifting technique has been developed. The primary 
advantage of the Sagnac interferometer is that it is exactly path matched and as such requires 
no heterodyning or static path compensation for sensor stabilization. The Sagnac 
interferometer described below is suitable for the measurement of uhrasonie surface waves 
arising from Iaser- or PZT -generated sources or from acoustic emissions. The laser-based 
uhrasonies (LBU) system can be used to detect and characterize discrete defects such as 
cracks. 
PRINCIPLE OF THE SAGNAC INTERFEROMETER 
The optical schematic ofthe Sagnac interferometer is shown in Figure 1a. A linearly 
polarized Iaser beam is coupled into a single-mode fiber. This beam is split into two legs by a 
2x2 coupler and these are in turn recoupled by a 2x1 coupler. One ofthe fiber legs contains an 
acousto-optic modulator. The recoupled beams are then focused onto a test specimen through a 
GRIN lens focusing probe. The scattered light from the object is then collected by the focusing 
probe, gets split along the two legs, and eventually reaches the photodetector. We will call the 
central portion between the two couplers the Sagnac loop. For reasons that will become 
apparent later, a fiber delay line was included in one leg of the Sagnac loop. 
There are four beams that travel from the Iaser to the specimen and back into the 
photodetector. Two of these are the one that enters leg ls 1 and returns by leg ls2 (traveling 
the Sagnac loop counterclockwise CCW) and the one that enters leg ls2 and returns by leg ls1 
(traveling the Sagnac loop clockwise CW) as shown in Figure 1b. We will call them the 
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Figure 1. ( a) Optical schematic of Sagnac interferometer, (b) main optical beams of the 
interferometer. 
CCW and CW sampling beams. These beams have the same static optical path, and they 
carry information about the uhrasonie surface displacement. Two other beams will have 
returned by the sameleg (leg ls1 or leg ls2) through which they entered (i.e. without going 
through the Sagnac loop ). These beams are the one called "long" beam, which travels the 
fiber delay line ls2 twice, and the "short" beam, which does not travel through the fiber delay 
line. 
By using an acousto-optic modulator (AOM) in a manner described below to 
frequency shift the long and short beams relative to the two sampling beams, it is possible to 
ensure that coherent interference will occur only between the clockwise (CW) and counter-
clockwise (CCW) sampling beams. Any other coherent interference (for instance, between 
one ofthe sampling beams and the long and short beams) is parasitic interference that needs 
to be suppressed. Typically, this suppression of parasitic interference is done using low-
coherence laser diodes, which unfortunately also suffer from intensity noise. The frequency 
shifting approach allows for the use of high-coherence and low-noise laser sources. 
The advantage of the Sagnac over the Michelson interferometer is immediately 
apparent. This interferometer is a truly path-matched setup and as such will be unaffected by 
low frequency thermal fluctuations and vibration noise. The need for electronic 
demodulation of the heterodyne Michelson interferometer signal or for active stabilization of 
the path-stabilized homodyne Michelson interferometer is obviated in this case. 
The electric field at the photodetector for the CW sampling beam is then given by: 
. nls2 
ecw = E0 exp[-z{<Pcw +2ku(t--)}], 
c 
and for the CCW beam: 
. nls1 
eccw = E0 exp[-z{<Pccw + 2ku(t--)} ]. 
c 
(1) 
(2) 
Here k = 27r/)... is the laser wave number; ')... is the laser wavelength; c is the speed of light in 
free space and n the refractive index of the fiber core; rpccw and <Pcw are the phase of CCW 
and CW beams at the photodetector; and u(t) is the ultrasonic displacementtobe detected; 
ls1 and ls2 are the lengths of the two interferometer legs. Note that the ultrasonic signal 
sensed by the CW and CCW beams are obtained at different times because of the difference 
in the lengths of the two legs due to the fiber delay line. 
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The resulting interferenee intensity measured at the photodetector is then: 
2 1 nls1 nls2 l(t) = E0 {1 +-2 eos[(CJ>ccw- CJ>cw )+2ku(t--)-2ku(t--)]}. (3) c c 
Fora harmonic ultrasonie signal: u(t) = A eos mat, where Ais the uhrasonie displaeement 
amplitude, and ffia the frequeney, the resuhing intensity beeomes: 
where AL = ls2- ls1 is the loop length differenee, and L = ls1+ls2 is the totallength of the 
Sagnac loop. 
Sinee ultrasonic displacements are a fraetion ofthe laser wavelength, i.e., kA << 1, 
it is important to ensure in the above equation that si~ ffia~:r-] = 1. This ean be aehieved by 
setting the loop length differenee appropriately for a given ultrasonie frequeney, to provide a 
time delay 't = nllL between the CW and the CCW beams equal to one half the period of the 
c 
ultrasonic wave as shown in Figure 2. 
The setup described above is a eommon path interferometer, and therefore, in the 
absenee of uhrasonie waves, the static phase difference between both sampling beams at the 
photodeteetor is zero. However, the best sensitivity for the interferometer is obtained if the 
CW and the CCW beams are made to be 1t /2 out of phase: 
(5) 
i.e. when the interferometer is operating at quadrature. This condition has been aehieved by 
using a frequeney shifting technique. An optical phase differenee between the two 
sampling beams at the plane ofthe photodetector is aehieved by the nonreciproeal 
frequeney shifting ofthe sampling beams due to the asymmetrieal positioning ofthe AOM 
within the Sagnae loop [9]. The optieal path for the CCW and the CW beams is shown in 
Figure 3. The optieal path ofa beam before and after frequeney shifting is shown asthin 
and thiek lines respeetively. 
CCW refleetion 
CW refleetion 
u 
Figure 2. Reflection of sampling beams from testing surface 
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For the CCW beam the optical phase at the photodetector is therefore given by: 
(6) 
and for the CW beam by: 
(7) 
where v is the frequency oflaser light, ov is the frequeney shift by the AOM, li and 12 are 
the optical paths of the CW and the CCW beams before and after frequeney shifting 
respectively. The total statie phase differenee between the sampling beams is therefore: 
(8) 
where !il = l2ccw -l2Cw• whieh depends only on the position ofthe AOM within the 
Sagnac loop and on the amount offrequency shift by the AOM, both ofwhich can be 
adjusted to the desired value. The two sampling beams travel through the AOM once each 
and have the same optical frequency (v+Öv) at the plane of the photodetector. Other beams, 
which can be a source of a parasitic interference, are frequeney shifted with respect to the 
sampling beams by (+Öv) and (-Öv) and will interfere with them at a beat-frequency of öv, 
which can be easily removed by filtering. This frequency separation of all the parasitic 
interferences from the desired signal beam interference allows for the use of low-noise and 
high-coherence sources, which also have reduced intensity noise compared to typicallaser 
diodes. Also, this approach avoids phase noise associated with conventional phase 
modulation teehniques such as those using an eleetro-optie modulator [8]. 
With the system optimized as indieated above, the photodetector output after suitable 
band pass filtering becomes: 
l(t) =:: 4kA sin (wa(t- ~)) . (9) 
The above shows that the interferometer signal is proportional to the ultrasonic amplitude, but 
is phase shifted by an amount that depends on the ultrasonic frequeney. For narrowband 
uHrasonie waves, there is no signal distortion, but the signal is delayed by a small eonstant 
amount whieh is essentially immaterial. Even for broadband uhrasonie waves, the Sagnae 
sensor exhibits a broader frequeney response than eonventional PZT transdueers. 
(a) (b) 
Figure 3. The optieal path ofthe frequeney shifted sampling beams: (a)- CCW beam, 
(b) - CW beam. 
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Figure 4. Sagnac interferometric sensor. 
RESUL TS AND DISCUSSION 
A fiberized frequency-shifted Sagnac ultrasound sensor is shown in Figure 4. The 
Iaser source used was a 6 mW HeNe Iaser with center wavelength 633 nm. A pigtailed 
acousto-optic modulator with a working frequency of 40 MHz was used. All the fibers and 
the directional couplers were polarization-maintaining. The loop length difference was kept 
at 20 m which is optimal for 5 MHz ultrasonic signals ( the corresponding time delay 
between reflections of the sampling beams from the object surface is equal to 100 ns). As 
discussed in reference [6], a GRIN lens is glued to the end of the prohing fiber to focus the 
light beam onto the specimen surface and also to collect the reflected light back into the fiber 
probe. When testing specimens with optically rough surfaces, an automated search procedure 
was used to locate bright speckles by smalllateral movements of the probe. 
Detection of Ultrasonic Waves of Different Types 
Several types of uhrasonie waves, namely surface and Lamb waves and bulk 
compression and shear waves have been detected with the Sagnac sensor. A piezoelectric 
transducer, with a center frequency of 5 MHzwas used to generate an uhrasound signal in an 
aluminum specimen (25x25x150 mm size) with a partially polished surface. A function 
generator and power amplifier combination was used to generate the 5MHz tonebursts. The 
signals from the Sagnac sensor, and the positions of the transducer are as shown 
schematically in Figure 5 a,b,c. All signals were obtained in a digital oscilloscope over a I 0 
MHz detection bandwidth and with 20 averages. 
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Figure 5. Detection of ultrasonic waves: (a) - surface wave, (b) - normal incidence, (c)-
oblique incidence. 
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Figure 60 (a)- rivet I crack specimen, (b)- 2D acoustical scano 
Detection of Cracks in Simulated Aircraft Panels 
The Sagnac interferometer has also been applied to the detection of simulated cracks 
emanating from rivet holeso The specimen was made of two aluminum alloy plates, 2 mm 
thick, that were riveted together. Two EDM notches were made to emanate from the 
countersunk rivet hole in the top plateo The same PZT transducer described above was used 
to generate 5MHz toneburstso The transducer was aligned with the center axis of the rivet as 
shown in Figure 6ao Because the thickness of the plate is comparable to the acoustic 
wavelength, Lamb waves were generatedo A 2D acoustical scan over an area of 20x20mm 
was made with the Sagnac interferometer and is shown in Figure 6bo Strong attenuation of 
the amplitude of the ultrasonic wave behind the notches was detectedo This result illustrates 
the point detection capability ( and the corresponding high spatial resolution) of the described 
sensor. 
In an other experiment an aluminum specimen with an optically rough surface was 
testedo The specimen was made oftwo lmm aluminum plates riveted together and contained 
an 008 mm EDM notch on the top plateo The position of the PZT transducer with respect to 
the rivet, and the direction ofthe single scan line used are shown in Figure 7ao A plot ofthe 
amplitude of the ultrasonic wave along the scan line is shown in Figure 7bo The ultrasonic 
amplitude has a minimum behind the EDM notch, and increases slowly with distance from 
the notch due to the diffraction of the ultrasonic wave around the edges of the rivet and the 
notcho 
Scan line 
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Figure 70 (a)- rivet I crack specimen, (b) -line scano 
Detection of Laser Generated Ultrasonic W aves 
A Q-switched Nd: Y AG pulsed laserwas used for generating ultrasonic waves. The 
laser pulses were of 10 ns duration with up to 200 mJ energy per pulse at 30 Hz repetition 
rate. The laser beam was focused on to a specimen surface by a convex sphericallens and a 
concave cylindricallens to form a single line focused illurnination. In another experiment the 
focused beam was split by a binary diffraction grating into 10 beams of equal intensity for a 
line-array illurnination. The spacing between the lines of the array at the specimen source, as 
well as the width of the lines can be adjusted by changing the distances between the specimen 
and the lenses[4]. All results reported here were obtained for the nondestructive thermoelastic 
mode of generation. 
The signal detected by the Sagnac interferometer for single line generation is shown 
in Figure 8a. The duration of the ultrasonic pulse is about 0.3 j.ls. This generation mode 
provides a high temporal resolution for ultrasonic testing. The ultrasonic signal generated in 
this mode is broadband, and the spectrum of the signal depends on the width of the line 
source [4]. Note that even though the Sagnac interferometer's response is peaked at 5 MHz, 
it is capable of detecting the broad band signal generated by a single laser line source. The 
signal detected by the Sagnac interferometer for the line-array generation mode is shown in 
Figure 8b. A narrowband acoustic wave is generated in this case. Therefore, the best signal-
to-noise ratio of detection can be obtained in this mode if the center frequency of the 
generated signal is matched to the maximum of the frequency response of the Sagnac sensor. 
The spectrum of a narrowband signal generated by the line array and detected by the Sagnac 
interferometer is shown in Figure 8c. 
RS1L1.DAT RS10L1A.DAT 2.0 
} 3 ............ r··············r······ .. ·····r···· .. ·······t-·············· 
~ 2 .......... '''t'""'""'"''t''""'"'''"'!"'""'""'"'t""'''""'"' 
> 1.0 
5 
"' ~ 1 .......... '"t''""'''''"''t""'"'""'"l''''''""'"'''t'''""'''''''' ~ 0.0 
0.. 
8-1.0 
< 
8 0 
< 
·1 
·2 
22 
··r···· .. ·········r···············t················r········ ....... 
24 26 28 30 32 22 24 26 28 
Time (microsec) Time (microsec) 
(a) (b) 
RS10L1A.DAT: spectrum 
::·:~E~:~ ~:]:~~:I~~: 
............... , ............................. l ............... l ............... .. 
'''''''""''"'i"''''"'''''''' ~ '''"'''''''''f""'""'''"'"t'""''''''''''' 
............ ~..L ... ".. ..1.... . .. Jt..l."".~·-·,..A··········· 
0 2 4 6 8 10 
Frequency (MHz) 
(c) 
30 
Figure 8. Detection of laser generated ultrasonic waves: ( a) - single line generated signal, 
(b)- array generated signal, (c)- spectrum of array generated signal. 
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CONCLUSION 
A low-noise fiberized Sagnac interferometer for ultrasonic signal measurement has 
been developed. The main advantage of the proposed device is improved signal-to-noise ratio 
which has been achieved by using an optical frequency shifting technique for biasing to 
quadrature and for elirnination of parasitic interference between sampling beams and other 
beams in the interferometer. This approach avoids phase noise associated with conventional 
phase modulation techniques. The frequency separation technique allows the use of 
inexpensive low-noise high-coherence sources, thereby reducing the intensity noise of the 
interferometer. The Sagnac interferometer is truly path-matched, and as such is insensitive to 
low frequency thermal fluctuations and vibration noise. 
Results have been obtained for the detection of different types of ultrasonic waves 
with PZT and laser source generation, and for the detection of artificial cracks in alurninum 
specimens with a rough surface. 
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